Continuous Flow Liquid-Liquid Separation Using a Computer-Vision Control System: The Bromination of Enaminones with N-Bromosuccinimide by O'Brien, M & Cooper, D
Synlett Letter / Cluster / New Tools 
Template for SYNLETT © Thieme  Stuttgart · New York 2016-08-18 page 1 of 6 
Continuous Flow Liquid-Liquid Separation Using a Computer-Vision 





Published online:  
DOI:  
Abstract Incorporating open-source software components (Python, OpenCV), 
a computer-vision system was used to control the interface level in a gravity-
based inline liquid-liquid separation device. This was used in the continuous 
flow bromination of a series of enaminone substrates. The main byproduct of 
the reaction, succinimide, was efficiently extracted into the aqueous stream, 
providing clean products without the need for further purification.  
Key words  Continous-flow. Liquid-liquid-separation. Bromination. 
Enaminone. Open-source. Computer-vision. OpenCV. Python.  
 
In recent years, flow-chemistry has emerged as an attractive 
alternative to traditional batch protocols for chemical 
synthesis.1 Although batch chemistry is perfectly suitable for 
many synthesis processes, flow-chemistry often offers 
significant advantages. As reactants and reagents are 
continuously pumped through a relatively small reaction zone, 
only a small quantity of material is being processed at any one 
time. Reactions are then scaled over time (or through 
parallelisation) rather than by increasing dimension. This 
provides an enhanced safety profile and is particularly 
important for reactions that involve the build-up of hazardous, 
unstable or explosive intermediates, or that use hazardous 
conditions (e.g. high temperatures or pressures).2 Another 
related issue is the scale-variant nature of several important 
reaction parameters (e.g. surface-area to volume ratio). These 
can play a crucial role in the outcome of a reaction as they 
determine the rate of heat, light and material transfer across 
interfacial boundaries.3 As a result, for many batch process, 
scaling up can often involve significant re-optimisation. As the 
reaction/contact zones of a flow-chemistry system are 
essentially fixed, this leads to efficient, scale-invariant processes 
that need only be optimised once.4 Whilst reaction processes 
themselves are clearly important to any chemical 
transformation, the overall synthesis operation can involve 
many other post-reaction processes (including workup, 
isolation and purification). The development of flow chemistry 
‘equivalents’ to these batch protocols is clearly an important 
area of research and currently enjoys significant activity. This is 
particularly important in the context of truly continuous flow 
multi-step processes, where the byproducts from one process 
must be removed before the flow stream enters a downstream 
reaction zone, where they may be incompatible with the 
intended chemical transformation. In terms of workup and 
isolation, the incorporation into flow chemistry systems of 
cartridges of solid-supported reagents for in-line ‘scavenging’, 
‘catch-and-release’ or ‘phase-switching’ has been a hugely 
successful tactic.5  This technique is particularly suitable for 
small-scale reactions. On larger scales, however, the need to use 
greater quantities of solid-supported reagent leads to issues of 
cost, and also to problems of material dispersion.6  
 
Figure 1 General schematic for a gravity-based inline liquid-liquid separator. 
In batch-chemistry, gravity-based liquid-liquid extraction is one 
of the most commonly used workup/purification protocols, 
often providing significant purification using very inexpensive 
reagents and apparatus. The incorporation of inline liquid-liquid 
extraction into continuous flow chemical systems can provide a 
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cost-effective purification stage which does not suffer from 
depletion (as it is continually replenished) and potentially has 
scale-invariant dispersion properties. There are two general 
strategies for achieving this. The selective wetting of materials 
(such as expanded, porous PTFE) leads to membranes which are 
essentially impermeable to aqueous solutions but highly 
permeable to immiscible organic solvents and solutions. This 
effect has been used successfully in a number of devices and 
systems.7 Alternatively, we have been interested in the 
development of continuous flow gravity-based separations (see 
Figure 1 for a general schematic). In general, the organic flow 
stream is mixed in with an aqueous ‘quench/extraction’ stream. 
After mixing, the combined stream enters a separation chamber 
where the dense phase leaves through the bottom and the light 
phase leaves through the top. As variation in material transfer 
between the phases will lead to variation in their relative rate of 
accumulation in the separation chamber, dynamic positional 
control of the liquid-liquid interface (which must remain within 
the separation chamber) is vital.  To achieve this, we developed 
a computer-vision8 video system which monitors the position of 
a coloured ‘float’ that sits at the liquid-liquid interface (having a 
density between that of the two phases).9 This positional 
information is then fed-back to control the speed of the pump 
which extracts the aqueous phase. A similar system has recently 
been used by the Ley group as part of a multistep continuous 
flow synthetic sequence.10 An alternative approach to interface 
detection using impedance has also been used in continuous 
flow systems.11 
 
Scheme 1 Condensation reaction between diketones 1a-c and amines 2a-g to 
form enaminones 3a-l.  
 
Here we report the use of this system in the continuous flow 
bromination of a series enaminones using N-bromosuccinimide 
(NBS) as the halogenating agent.12 The major byproduct from 
the reaction, succinimide, can be extracted using aqueous alkali 
solution. The enaminone substrates 3a-l were synthesised using 
a straightforward condensation reaction between the 
symmetrical diketones dimedone 1a, cyclohexane-dione 1b or 
pentane-2,4-dione 1c, and a series of amines 2a-g (Scheme 1, 
Figure 2).9 Following reflux in a toluene-ethanol mixture, all but 
one of the enaminone products formed solid products which 
were easily purified by recrystallisation from toluene. 
Compound 3l required the excess amine to be removed by 
aqueous extraction (saturated ammonium chloride) prior to 
recrystallisation. The yields were moderate to very high and the 
products were obtained in high purity (by NMR analysis). The 
flow-chemical apparatus setup used for the bromination 
reactions is shown in Figure 3. The starting material and NBS 
were introduced into separate flow streams via injection loops. 
Dichloromethane was used as the organic solvent for all 
reactions. The volume of the NBS loop used was longer than that 
of the starting material. This was to allow for a slight ‘overlap’ in 
the ‘pulses’ which met at the t-junction, ensuring that the 
starting material would always be accompanied by NBS during 
each run. After the t-junction, a residence loop controlled (along 
with the flow rate) the amount of time that the mixture had to 
react. All reactions were carried out at room temperature.  
 
Figure 2 Enaminones formed using the condensation reaction shown in 
Scheme 1.  
 
Following reaction, a second t-junction allowed the introduction 
of an aqueous reagent stream. An active mixer (several small 
PTFE coated stirrer bars in a glass column over a magnetic 
stirrer) then facilitated rapid mixing of the two phases, before 
settling and entry into the separation vessel (made from the 
barrel of a 5mL disposable syringe). A webcam pointed 
horizontally at the separation chamber was used to feed a video 
stream to the control computer. This used a Python script, 
incorporating the OpenCV library,13 which permitted 
‘observation’ of the vertical position of the interfacial float (see 
supporting info file for details of all scripts used).14 For this 
work, we found that a float made by fusing a mixture of  210 mg 
cut from the green plunger of a Norm-Ject 1 mL PP/PE 
disposable syringe (which is less dense than water) and  67 mg 
cut from a green Keck clip (which is denser than 
dichloromethane) was able to maintain its position at the liquid-
liquid interface under all conditions used. The two pieces of 
plastic were fused by holding them together with a pair of 
tweezers and heating with a heat-gun until they melted. The 
colour that the computer ‘looks for’ could be selected by the 
user at the start of each run (by selecting an object on the 
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screen). The script essentially filters the images it receives 
based on the hue value (HSV image encoding) of the selected 
colour (within certain tolerances). Some simple processing 
(involving dilation and erosion) removes ‘noise’ and the 
position of the centroid of the largest object with matching hue 
is determined. The control computer was interfaced to the 
‘aqueous out’ pump. As the pump has a maximum speed (in this 
case 9.9 ml/min) and cannot pump backwards, a true 
‘proportional’ response to positional error is not appropriate. 
The algorithm used generated a pumping speed of            
mL/min, where c is the fractional distance along the line 
between the upper and lower bounds. This way, the speed 
would be zero when the float was at (or above) the upper 
bound, 1.0 mL/min when the  float was halfway between the 
upper and lower bounds, and at maximum speed (9.9 mL/min) 
when the float was at (or below) the lower bound. Although it 
would be possible to scale the response curve for different rates 
of the ‘aqueous in’ pump, we found that this simple setup 
provided a robust automated system which adequately 
maintained the position of the float within the desired bounds, 
using a wide range of ‘aqueous in’ flow rates.  
 
Figure 3 Apparatus schematic for the continuous flow bromination of 
enaminones 3a-l 
The control script allows the user to manually select the upper 
and lower bounds (from a single video frame) at the start of 
operation. For all the reactions described below, approximately 
the same upper and lower bounds were chosen for each run and 
were around 1 mL apart, with the lower bound around 2 mL 
above the bottom of the vessel. Following a brief survey of 
conditions, using 3a as our initial test substrate, we found that 
concentrations of 0.10 M and 0.106 M, for the starting material 
and NBS respectively, with flow rates of 1.0 mL/min each and a 
residence loop of 4.7 mL (2 min 21s reaction time) led to 
complete conversion of starting material to product. The NBS 
reagent loop (4.1 mL) was ‘injected’ into the flow stream 20 
seconds before the starting material loop (3.0 mL), providing an 
overlap of 20 seconds at the start and 46 seconds at the end of 
the run. For the aqueous extraction, the use of a 0.1 M solution 
(in each) of sodium thiosulfate and potassium carbonate, 
injected at a flow rate of 4.0 mL/min cleanly extracted all of the 
succinimide byproduct. With these conditions, the yield of 4a 
was almost quantitative. Pleasingly, the yields for the 
continuous flow bromination of a series of substrates, using the 
same conditions, were in general very high (Figure 4). Products 
were obtained in high purity after removal of solvent on a rotary 
evaporator. Shown in Figure 5 are relevant sections of the NMR 
spectra for compound 4f produced with (red spectrum) and 
without (black spectrum) the aqueous extraction step. 
 
Figure 4 Products 4a-l and isolated yields for the continuous flow bromination 
of enaminones 3a-l. All products were analytically pure (by NMR 
spectroscopy). 
 
As can be seen, no succinimide can be observed in the extracted 
sample. Clearly, some dispersion will take place in the heavy 
phase of the separation vessel. To avoid any loss of material, or 
cross contamination between runs, we collected the output from 
each reaction for 20 minutes. As several of the product solutions 
had a significant yellow colouration, this provided a useful 
visual indication/confirmation of the time distribution of 
product concentration in the separation vessel. Shown in Figure 
6 are images from screengrabs at various times during the 
continuous flow synthesis of 4d. The processed images (ii) show 
(in white) what the computer identifies as having the ‘correct’ 
hue, as selected by the user. The centroid of the identified float 
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is shown as a small white square in (i), and the upper and lower 
bounds are shown as small blue circles. As can be seen, despite 
significant colouration that builds up during the run, as well as 
some cloudiness in the upper (aqueous) phase, the computer-
vision system is able to distinguish and keep track of the green 
float during the entire run (the size of the float is magnified by 
the cylindrical vessel, making it appear larger in these images 
than it actually is).  
 
Figure 5 1H NMR of the reaction product for the continuous flow bromination 
of 3f with (red) and without (black) aqueous extraction.  
As the float still appears to be the only ‘green’ object in the 
image, the system is able operate properly with significant 
colouration using suitable tolerance parameters. Clearly, if the 
colouration became strong, or if the solutions are themselves 
the same colour as the float, then the system might not be able 
to properly locate the float. It is noteworthy that no observable 
chemical cross contamination was observed (by NMR 
spectroscopy) during these reactions, even though the system 
was never dismantled throughout the entire study. Several 
consecutive runs were carried out in each laboratory session. At 
the start of each set of runs, the system was ‘primed’ for a few 
minutes by running dichloromethane and aqueous solution 
through to remove any ‘air’ from the system/pumps (caused by 
evaporation of the volatile dichloromethane on standing). At the 
end of each day, the ‘aqueous-out’ pump had distilled water 
pumped through it to avoid any possible settling/build-up of 
particulates and to prevent possible corrosion. In conclusion, we 
have successfully used an inline liquid-liquid extraction system, 
incorporating a computer-vision control system, for the 
continuous flow bromination of a series of enaminones.15 The 
reactions all proceeded with high chemical yield and, 
importantly, the extraction system completely removed the 
succinimide byproduct to afford analytically pure products. We 
are currently incorporating this system into several multi-step 
flow syntheses. Additionally, we are quantitatively investigating 
the dynamic performance of the system under a range of 
chemical and physical conditions and will report our findings in 
due course.  
 
Figure 6 Camera images (i) and corresponding processed images (ii) showing 
a close up of the separator vessel at: a) 0 min b) 5 min 28s c) 7 min 43s d) 10 
min 17s.  
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